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Miniaturized species have evolved in many animal line-
ages, including insects and vertebrates. Consequently,
their nervous systems are constrained to fit within tiny
volumes. These miniaturized nervous systems face two
major challenges for information processing: noise and
energy consumption. Fewer or smaller neurons with fewer
molecular components will increase noise, affecting
information processing and transmission. Smaller, more
densely-packed neural processes will increase the density
of energy consumptionwhilst reducing the space available
for mitochondria, which supply energy. Althoughminiatur-
ized nervous systems benefit from smaller distances
between neurons, thus saving time, space and energy,
they have also increased the space available for neural
processing by expanding and contorting their nervous
systems to fill any available space, sometimes at the
expense of other structures. Other adaptations, such as
multifunctional neurons or matched filters, may further
alleviate the pressures on space within miniaturized
nervous systems. Despite these adaptations, we argue
that limitations on information processing are likely to
affect the behaviour generated by miniaturized nervous
systems.
Introduction
Many animals possess neurons and/or nervous systems that
can be described as miniaturized, having undergone an
extreme reduction in size during their evolutionary history
[1]. Miniaturization of the nervous system typically accom-
panies miniaturization of the entire body, which may be the
result of several evolutionary scenarios, including microhab-
itat colonization, acquisition of a parasitic mode of life, or
reduced developmental time as a result of a rapidly changing
environment (Box 1). However it occurs, the extreme reduc-
tion of body size has profound consequences for almost all
aspects of an animal’s biology (Box 2) [2,3], including the
structure and function of the nervous system. Despite the
widespread occurrence of body miniaturization [4], little is
known about miniaturization of the nervous system. For
example, how does miniaturization affect the structure of
neurons and nervous systems? What are the consequences
of miniaturization for information processing within the
nervous system? What are the limits to miniaturization of
the nervous system? How does miniaturization affect
behaviour?
Miniaturized body forms have evolved in numerous animal
phyla, including Annelida, Arthropoda, Echinodermata,
Mollusca, Nematoda and Chordata [4]. Within the arthro-
pods, highly miniaturized body plans have evolved many
times independently but the effect on nervous systems has
been investigated for a comparatively small number of1School of Life Sciences, University of Sussex, Falmer, Brighton BN1
9QG, UK. 2Department of Biology, West Virginia University,
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*E-mail: nivenje@gmail.comspecies, most of them insects [1,5–8] (Figure 1). In the chor-
dates, miniaturization has primarily been studied in species
of fish and amphibians [4]. In all cases, studies are predom-
inantly focused on modifications of nervous system
structure [1,4–7,9–13]; little is currently known about the
developmental mechanisms for extreme nervous system
miniaturization, or the impact of miniaturization on physio-
logical function of neurons and circuits and, consequently,
behaviour.
Miniaturization of Computers and Nervous Systems
The process of nervous system miniaturization often draws
comparisons with that of computers. Indeed, the term mini-
aturization was used originally to describe the reduction in
size of automated computers and their components [14].
However, such comparisons can be misleading. Early elec-
tronic digital computers, such as the Colossus Mark I, had
vacuum tubes and paper tape but these were replaced by
innovations such as silicon-based transistors [15]. At each
stage, computers with equivalent computational power
became smaller because smaller components were avail-
able. Today’s mobile phones contain greater computational
power than early computers that occupied entire rooms.
It is important to remember, however, that nervous
systems (and biological systems more generally) are more
constrained than engineered systems because they must
adapt those components they already possess rather than
replacing them entirely. The majority of components from
which nervous systems are constructed (lipid membranes,
G-proteins, pumps, co-transporters, ion channels etc.) pre-
date the evolution of neurons [16,17]. These molecular
components typically have similar structures and, therefore,
similar sizes in neurons from small as well as large animals.
Indeed, there is no experimental evidence to suggest that
the structures of components, such as ion channels or
G-proteins, are smaller in miniaturized nervous systems.
Thus, unlike computers, as nervous systemsareminiaturized
they contain fewer components, rather than smaller novel
components,with consequences for informationprocessing.
Rationale
The nervous systems of only a few lineages that are consid-
ered miniaturized relative to a common ancestor have
been studied (Box 3). Because of the small size of these
nervous systems, their study has been restricted to
morphology rather than physiology [1,4–7,9–13]. However,
the morphology and physiology of the nervous systems of
many insects, which are small in comparison to most verte-
brates, have been studied extensively [18–21]. Several
studies have specifically modelled small neurons or neural
compartments [22–24], and many principles obtained from
computational modelling are generally applicable [25,26].
Thus, we use comparisons between small and large nervous
systems combined with computational models and the
morphology ofminiaturized nervous systems to gain insights
into neural adaptations to the constraints of small size.
Noise
Noise is defined as random fluctuations or distortions that
interfere with a signal and, therefore, with information
Box 1
Evolution and development of miniaturized forms.
The invasion of tiny environmental niches may select for miniaturization, as observed for interstitial animals, which colonize the spaces
between grains of sea floor sediment and range from 60 mm to 2mm in size [63], or insect parasitoids, which developwithin the eggs or larvae
of other species and may be as small as 170–200 mm [5,37]. Paedomorphosis, either through early cessation of growth (progenesis) or
a reduction in growth rate (neoteny), appears to be a commonmechanism for body sizeminiaturization [4,38,64]. Selection for paedomorphic
development may occur in rapidly changing environments requiring accelerated growth to sexual maturity [4]. To date, developmental
studies ofminiaturized nervous systems are few, but promise to reveal unusual mechanisms for reducing sizewhile preserving function, such
as the removal of neuronal cell bodies apparently while retaining axons and dendrites in Megaphragma mymaripenne [5].
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the detection of sensory stimuli to motor control and deci-
sionmaking [26]. In single neurons, noisemay arise in several
ways. The external stimuli to which the neuron responds,
including sensory stimuli and neurotransmitter molecules,
contain noise (extrinsic noise). For example, light stimuli
contain photon shot noise, whereas variation in the numbers
of synaptic vesicles released and neurotransmitter mole-
cules in each vesicle contribute to synaptic noise. Processes
within the neuron, such as the spontaneous activation of G-
proteins or voltage-gated ion channels, also generate noise
(intrinsic noise) [25,27]. Both intrinsic and extrinsic noise
affect information processing.
The inability to reduce the size of molecular components
has implications for miniaturized nervous systems. The tiny
volume of the nervous system will promote fewer, smaller
neurons. As neurons get smaller their membrane area and
the number of molecular and sub-cellular components (e.g.
synapses) will be reduced. With fewer molecular compo-
nents in smaller neurons, spontaneous activity of a single
component will have a greater impact on neural activity,
increasing noise. For example, the spontaneous activation
of small numbers of voltage-gated Na+ channels can initiate
action potentials if axons are sufficiently narrow, imposing
a lower limit on axon diameter [24]. Tracts from small nervous
systems have a high proportion of axons with diameters ap-
proaching theminimum imposed by this ‘channel noise’ [28],
suggesting that, unless channel properties are altered,
signals carried by these axons will be noisy. Thus, with fewer
components, small neurons have lower information rates
than larger homologous neurons [29].
One means of removing noise in signals from individual
neurons is to average across neurons processing informa-
tion in parallel [26]. Averaging removes random noise thatBox 2
Implications of body miniaturization for oxygen supply.
When considering the miniaturization of the nervous system, it is esse
which the nervous system is situated [2,3]. Miniaturization influences th
supplied with the oxygen and nutrients needed to generate the energy
Smaller nervous systems possess larger surface area to volume ratios,
the tissue. The smaller volume of the nervous system also allows oxyge
not require such extensive oxygen supply networks such as capillaries
networks will free space for other tissues and reduce the need for actiis independent in each neuron being averaged. However,
parallel processing requires separate neurons but within
miniaturized nervous systems there is little space available
for multiple neurons encoding information in parallel. Thus,
miniaturized nervous systemswill have less parallel process-
ing, compromising their ability to remove noise by averaging.
Energy Consumption
Energy also poses a problem for a miniaturized system.
Many aspects of both small and large nervous systems’
anatomy, and the physiology of neurons and neural circuits,
suggest that they have been under selective pressure to
reduce energy consumption [30]. Energy budgets of large
nervous systems suggest that the primary processes
consuming energy are the generation and maintenance
of electrical signalling and synaptic transmission [22,31].
Within small nervous systems, detailed anatomical recon-
structions have shown that the placement of neurons and
neural components is close to a configuration that would
minimise the volume of wire (axons and dendrites) and,
consequently, energy consumption [32]. Computational
modelling also suggests that neurons from small nervous
systems can have energy efficient action potentials [22],
whilst electrophysiological recordings show that neurons
within small nervous systems adopt efficient information
coding strategies [29,33,34].
Reducing the size of neurons and increasing their packing
density within miniaturized nervous systems will increase
the density of membranes and synapses, thereby increasing
the density of energy consumption. However, a reduction
in neuron volume will reduce the available space for mito-
chondria, which are necessary for generating the energy
needed for neural signalling. Evidence from large nervous
systems shows that narrower axonswith fewermitochondriantial to consider the consequences of miniaturization of the body in
e means by which the nervous system (and other organs/tissues) is
necessary to support information processing and maintenance.
increasing the area over which oxygen and nutrients can diffuse into
n to diffuse through the tissue rapidly. Thus, miniaturized species do
or tracheal ramifications. The reduction or loss of oxygen supply
ve pumping, which itself consumes energy.
Figure 1. Extreme reduction in body size in an
insect.
(A) SEM of an adult Megaphragma mymarip-
enne parasitic wasp. (B). The protozoan Para-
mecium caudatum for comparison. The scale
bar is 200 mm. Adapted from [5].
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narrow axons within miniaturized
nervous systems may be unable to
sustain high firing frequencies due to
energy limitation. Although information
processing in smaller neurons is more
energy efficient [29], fewer mitochon-
dria are likely to limit the energy
available for maintaining electrical pro-
cessing and synaptic transmission im-
pacting upon information processing.
Morphological Consequences
of Miniaturization
Miniaturization of the nervous system
has primarily been studied at the
gross anatomical level, and from these
data a number of features emerge as
seemingly universal adaptations to
extreme reductions in body size. First,
and perhaps surprisingly, a negative
allometric relationship between brain and body size in both
vertebrates and invertebrates results in a larger relative brain
size as body size decreases [7,8,35]. This speaks to strong
functional constraints on minimum brain size in most verte-
brates and invertebrates. Interestingly, it has been postu-
lated that the increased relative brain size associated with
miniaturization may lead to increased encephalization if the
lineage later evolves to include larger species [36].
The relatively large brains of the smallest animals gives
rise to the problem of accommodating larger brains within
the head, further complicated in vertebrates and arthropods
by the need to enclose the brain within a rigid skull or head
capsule. In both groups of animals, the relatively large brain
may appear tightly packed or condensed, and tightly fills
the cranial area (Figure 2) [35,37]. Neural tissue may be
further accommodated by displacement of surrounding
head structures, invasion of neighbouring head and bodyBox 3
What is miniaturization of the nervous system?
Miniaturization implies that the nervous system, a population of neuron
comparison to the homologous structure hypothesised to have been pre
about which ancestor the comparison should be made with and, there
This is mademore complicated when phylogenetic origins are uncertain
must be to qualify as miniaturization rather than a less dramatic reduc
occurred in many lineages. This definition of miniaturization means tha
miniaturized even though it is larger than those of other lineages that a
nervous systems are large in comparison to those of many invertebrate
relation to an ancestor. Conversely, despite possessing small nervous
larger nervous systems thanbasal apterygotes (e.g. silverfish) and so,wspaces, or both. In plethodontid salamanders, which can
be as little as 14 mm long [38], the enlarged eyes protrude
anteriorly and deform the anterior surface of the skull, while
the enlarged hindbrain and otic (ear) capsules displace
bones of the upper jaw [35]. Similar skull morphologies
have arisen independently in miniaturized frogs [39]. In mini-
aturized insects lacking a constricted neck, the brain may be
partially or totally displaced into the thorax or abdomen
[11,37,40–42] (Figure 2A), while in spiders, where the head
and thorax are fused into a single cephalothorax, the
enlarged nervous system of miniaturized species distends
ventrally and invades the proximal segments of the legs
and pedipalps [7].
Few studies have addressed the effects of miniaturization
on functional regions within the brain, although those that
do exist suggest that the impact of reduced size is similar
to that on other morphological elements such as boness or a single neuron, has undergone an extreme reduction in size in
sent in an ancestral species. There are, however, no definitive criteria
fore, the node within the phylogeny that is used for the comparison.
. There are also no firm criteria about how extreme a reduction in size
tion of nervous system size, which has been hypothesised to have
t the nervous system of a particular lineage may be described as
re not considered to be miniaturized. Thus, although vertebrate
s, some vertebrate lineages may still be described as miniaturized in
systems in comparison to vertebrates, many insects possess much
ith reference to this nodeof their phylogeny, they are notminiaturized.
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Figure 2. The brain and nervous system of
tiny insects.
The first instar larval (A), and adult brain (B)
and ventral nerve cord of the beetle, Mikado
sp. The grey line shows the outline
of the insect, the shaded grey region shows
the central nervous system. The cerebral
ganglion (brain) extends into the thorax due
to insufficient space within the anterior
segments. The scale bars are 50 mm. Adapted
from [6].
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ians causes skeletal elements to become simplified due to
loss or fusion of components, often resulting in novel
morphological features [38,39,43]. Similarly, the optic tectum
of caecilians (limbless amphibians) has a simpler structure in
miniaturized species, showing reduced lamination and cell
migration [44]. In leaf-cutting ants, the smallest workers
have fewer antennal lobe glomeruli than do larger workers
and lack a specializedmacroglomerulus, although this differ-
ence may also be related to the different behavioural roles
and odour processing needs of small and large workers
[45]. Chalcidoid wasps include some of the smallest insect
species, and belong to the Order Hymenoptera, whose
brains are typically characterized by large learning and
memory neuropils called mushroom bodies with doubled,
convoluted input regions called calyces [46,47]. The calyces
appear to be reduced in chalcids, either through complete
loss of one calyx or reduction and fusion of two calyces
into a single neuropil [47].
Neurons and Networks in Miniaturized Nervous Systems
The size of individual neurons is also reduced in miniaturized
nervous systems. The diameter of neuron somata in
miniaturized insects may be as little as 1–2 mm, a limit likely
imposed by the size of the nucleus (Figure 3) [7,37,40].
Reduction of neuron size and dense packing of somata
is also observed in miniaturized salamanders, although
genome size also influences soma size in these species [9].
The size limit of somata in insects is overcome in a
unique manner by the parasitoid wasp Megaphragma
mymaripenne, which has an adult body size of 200 mm, rival-
ling that of some unicellular organisms (Figure 1). During
metamorphosis, 95% of neuronal cell bodies lyse, leaving
a nervous system composed primarily of anucleate neurons
(Figure 3). The adult brain thus contains only about 200 cell
bodies compared with approximately 37,000 in the brains
of slightly larger related species [5].
Insect neurons possess unique features that may reflect
the relatively small size of most invertebrate nervoussystems, and the need to maximize
functional capacity within a small
space. The neurons of insects, like
many other invertebrates, typically
have a passive soma attached to the
axonal and dendritic arbours through
a thin neurite, whereas vertebrate
neurons typically have an active soma
interposed between dendritic and
axonal processes [18,21,48]. At the
very small soma sizes reached in
miniaturized nervous systems, passivesoma membrane properties combined with their position on
side branches may be advantageous. By removing the soma
from the main dendritic-axonal information processing axis,
its miniaturization is unlikely to affect information process-
ing. Additionally, the spontaneous activation of voltage-
gated ion channels in small neural compartments and
processes can cause spontaneous action potentials [24]. In
the absence of changes to the biophysical properties of
the voltage-gated ion channels, miniaturization of the soma
would further increase the rate of spontaneous action poten-
tials, thereby increasing energy consumption and disrupting
signalling.
Placing somata on the outside of the nervous system will
also reduce the distances between dendrites and axons,
which will be further reduced as nervous systems are minia-
turized. Insect neurons are also more densely packed than
are vertebrate neurons, increasing the number of neurons
that can be accommodated within a small space [37,48].
Thus, neural processes can be shorter, reducing the space
they occupy, the conduction delay of signal transmission
and the energy they consume. The shorter distances over
which voltage signals must be propagated may permit
graded potentials rather than action potentials to be used
for information transmission [49]. Graded potentials, which
cannot be used for transmission over long distances, are
more energy efficient than action potentials, potentially
making further energy savings [33]. Non-spiking neurons,
which transmit information with graded potentials, appear
to be more widespread in small insect nervous systems
than in larger vertebrate nervous systems, where they are
often restricted to peripheral sensory systems, such as the
retina [18,50].
Invertebrate neurons may also be multifunctional, oper-
ating in multiple circuits and contributing to multiple
behaviours [51]. Though to some extent this is true for
many neurons, such as motor neurons that contribute to
the generation of many movements (e.g. walking, jumping
and kicking), in some cases, these multifunctional neurons
contain domains that can function relatively independently
Figure 3. Miniature nervous systems have
fewer, smaller neurons.
(A) The adult brain of the parasitic wasp
Megaphragma mymaripenne. The brain
(yellow), optic lobes (upper, grey) and occelli
(lower, grey) are visible. (B) Nuclei are absent
from many neurons in M. mymaripenne. The
w200 nuclei that remain within the brain are
visible as small dots. (C) Scaling of cell body
diameter in orb-weaving spiders. Data are
from adults and nymphs (red) or only adult
males and females (black). Lines show the
scaling relationship for adults (black) and for
pooled data from adults and nymphs (red).
The small volumes occupied by the cell
bodies save space. The scale bar is 25 mm.
Adapted from [5] and [7].
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initiation zones [19,52]. In addition, single processes may
possess both pre- and postsynaptic specializations
providing both inputs and outputs to local circuits [48,53].
Thus, a single neuron may effectively function as two or
more neurons. Although there is no direct evidence that
these multifunctional neurons are more prevalent in smaller
nervous systems, the majority have been characterised
from invertebrate neural circuits.
Numerous multifunctional or polymodal neurons have
been characterised in the nervous system of the nematode
Caenorhabditis elegans, which at 1 mm adult length pos-
sesses only 302 neurons. Indeed, the morphology of the
entire nervous system is greatly streamlined and is only
weakly centralized, consisting of dorsal and ventral nerve
cords and a circumesophageal ring. In addition, neuronal
processes are typically unbranched, though there are
exceptions, particularly in males. These processes form en
passant chemical synapses onto other neurons andmuscles,
and electrical synapses with neighbouring cells appear far
more common than in larger invertebrates or vertebrates
[54]. This suggests that many aspects of neuronal mor-
phology may be altered in miniaturized nervous systems.
Reducing the numbers of chemical synapses may save
space in tiny nervous systems but it is likely to have major
consequences for computation within the neural circuits
and the behaviour they generate.
Behavioural Consequences of Miniaturization
Despite numerous adaptations to increase the space avail-
able for miniaturized nervous systems, changes in the struc-
ture and function of neurons and neural circuits should affect
behaviour. Fewer, smaller neurons should reduce the resolu-
tion of sensory systems and the accuracy of motor systems
[55]. These changes would be expected to reduce behaviou-
ral accuracy. There may also be fewer layers of neural pro-
cessing, which may prevent neural circuits from computing
derived variables. However, quantitative comparisons of
the precision of web construction in miniaturized versus
larger orb-weaving spiders have failed to find the predicted
greater inaccuracy of miniaturized species [56,57]. There
may be several explanations for the inability to detect a be-
havioural deficit. One possible explanation is that limbmove-
ments during web construction may be co-ordinated by
relatively few interneurons that modify the output ofindividual limb controllers and that are sufficiently important
to be retained even in the smallest spiders. An alternative
explanation is that miniaturized spiders have maintained
the accuracy of web construction at the expense of other
behaviours.
One consequence of miniaturization is a change in the
demands on the skeleton. The substantial reduction in
body mass means that miniaturized animals experience
smaller forces with consequences for behaviour [2,3]. For
example, inaccurate limb placement in miniaturized animals,
which may cause them to fall, is unlikely to cause injury
so that they may have less need for sensory information
about their limb placement than larger species. Changes
to the structure of the body may also simplify control,
reducing both the computations needed and the energy
costs involved. In arthropods, the control of appendages
can be performed by a variety of innovative mechanisms,
although these mechanisms are not restricted to miniatur-
ized animals. Appendages may be controlled by muscles
operating against springs or through hydrodynamic exten-
sion, whilst high-speed synchronymay be achieved by cutic-
ular structures [58,59].
Miniaturized animals may also resort to heuristics to
reduce their computational burden, allowing them to
produce behaviours that seem to require numerous compu-
tations through ‘rules of thumb’. Though such strategies are
certainly not restricted to miniaturized animals, they may be
more prevalent. Numerous behaviours in arthropods have
been shown to rely on assumptions that reduce the compu-
tations underpinning behaviour [60–62]. Moreover, the life-
span of many miniaturized animals is short, in the case of
insects, sometimes just hours or days. In such cases, the
need for associative learning and memory formation may
be reduced.
Conclusions
Noise and energy pose challenges for the processing and
transmission of information within miniature nervous
systems. Yet despite these challenges, miniaturized nervous
systems have evolved that are smaller than unicellular
organisms (Figure 1) or single neurons within larger nervous
systems. This remarkable miniaturization is possible at least
partly because of numerous adaptations that alleviate the
potential effects of noise and energy on information process-
ing in two ways; by increasing the space available for the
Current Biology Vol 22 No 9
R328nervous system (specifically neural processes) within the
animal or by reducing the information processing necessary
for generating behaviour. However, these adaptations are
unlikely to circumvent entirely the basic constraints of
noise and energy that miniaturized nervous systems are
subject to, suggesting that future studies will reveal severe
behavioural deficits in miniaturized species.
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